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Abstract. The 30-year record 1975–2004 of weekly samples
of streamwater chemistry from Birkenes, Norway, shows 106
acid episodes below the threshold of ANC−50µeql−1. The
frequency, severity and duration of episodes have diminished
sinceabout1990duetochemicalrecoveryfollowingreduced
deposition of sulphur. In particular SO4-driven episodes in
the ﬁrst runoff following drought have become less intense
and less frequent, whereas episodes driven by climate (wind,
high ﬂow) continue. The data show signiﬁcant empirical re-
lationshipsbetweenstrengthofthedriver, degreeofchemical
recovery, and severity of ANC depression.
1 Introduction
Long-term deposition of sulphur and nitrogen compounds
from the atmosphere has caused widespread acidiﬁcation of
sensitive freshwaters (Overrein et al., 1980). Acidiﬁcation is
often characterised by chronic low pH and acid neutralising
capacity (ANC) with elevated concentrations of inorganic
aluminium species (Aln+). Superimposed on the chronic
acidiﬁcation are acid episodes, often deﬁned as short-term
decrease of pH or ANC (Wigington et al., 1992). The acid
episodes are of particular interest as they can cause acute bi-
ological damage, especially in streams. Episodes in lakes
are less prominent because the volume of water in the lake
damps the response to episodic inputs.
In Norway investigations of the causes of acid episodes
began in the 1970s prompted by a ﬁsh kill in association
with snowmelt in 1975 (Leivestad and Muniz, 1976). Studies
were made of episodes caused by snowmelt (Skartveit and
Gjessing, 1979; Johannessen et al., 1980). Acid episodes
during snowmelt have also been extensively investigated in
streams in northern Sweden (Laudon and Bishop, 1999).
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Acid runoff following summer drought has been studied in
Norway (Christophersen et al., 1982) and in Ontario, Canada
(Dillon et al., 1997). In near coastal areas acid episodes can
be driven by seasalt deposition (Skartveit, 1982; Hindar et
al., 1994). High discharge can also cause acid episodes (Mul-
der et al., 1995). In the late 1980s the United States Environ-
mental Protection Agency (US EPA) conducted a compre-
hensive project (Episodic Response Project) on acid episodes
in 13 streams in the northeastern United States (Wigington et
al., 1996).
Since the mid-1980s deposition of S and N (mostly S) has
decreased substantially in most parts of Europe and eastern
North America as a result of national measures and interna-
tional agreements to reduce the emissions of acid precursors
(UNECE, 1999). Surface waters in these regions have begun
to recover; chemical conditions have improved and in some
cases biological recovery has been observed (Evans et al.,
2001; Skjelkv˚ ale et al., 2003).
The goals of this work are to (1) determine the dominant
causes of acid episodes at Birkenes, (2) assess the role of cli-
mate as a driver of acid episodes, and (3) assess the changes
in frequency, severity and duration of episodes during the
process of recovery. The aim is to search for simple empiri-
cal relationships that can be used to predict the severity and
duration of episodes as the catchment recovers from acidi-
ﬁcation in the future. The analysis was carried out for the
small catchment at Birkenes, Norway, which has a 30-year
record of streamwater discharge and chemistry, bulk depo-
sition volume and chemistry, and meteorological data from
nearby stations.
2 Materials and methods
Birkenes is a 0.41-km2 coniferous-forested catchment lo-
cated about 20km from the south coast of Norway. The
site is characterised by thin podsols and brown earth soils
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developed on patchy moraine of granitic mineralogy over-
lying biotite granite. The climate at Birkenes is mar-
itime, with annual precipitation about 1400mm and runoff
about 1200mm. Winters are often characterised by fre-
quent snowmelt periods. Deposition of seasalts at Birkenes
is relatively high (1974–2004 mean bulk deposition of Cl
94meqm−2 yr−1) due to the proximity to the coast.
Birkenes has been a research and monitoring site since
1972 and is part of the Norwegian programme for monitor-
ing long-range transported air pollution (SFT, 2006). Dis-
charge is measured by the Norwegian Water Resources and
Electricity Board with a level recorder and a V-notch weir
and reduced to mean daily discharge. Starting July 1972
samples for determination of chemical composition of runoff
have been taken weekly (daily until December 1974) by the
Norwegian Institute for Water Research (NIVA). No samples
were collected in 1979 and 1984. Samples were analysed at
NIVA for major ions using routine, accredited methods (SFT,
2006). Prior to May 1974 only pH, Ca, SO4 and NO3 plus
either Na or Cl were determined, and thus ANC cannot be
calculated for these samples. The record from July 1972–
December 2004 comprises 2293 water chemistry samples.
Samples for volume and chemical composition of bulk
precipitation and air were collected daily beginning July
1972 by the Norwegian Institute for Air Research (NILU)
(Aas et al., 2004). Samples were analysed at NILU for major
ions using routine, accredited methods. During the ﬁrst years
not all major ions were measured; Ca measurements began in
1974, Na and K in 1986, and Cl in 1980.
Meteorological data came from nearby stations operated
by the Norwegian Meteorological Institute. Daily data for
precipitation amount come from station 38450 Herefoss and
for temperature from 39690 Byglandsfjord. These stations
are located <20km distant and at approximately the same
elevation as Birkenes. Derived parameters such as Palmer
drought index were kindly provided by the Norwegian Mete-
orological Institute.
The ability of the weekly sampling interval to capture
episodes was evaluated on the basis of the 2-year record of
daily water chemistry determinations for several parameters
(July 1972–November 1974). The autocorrelation was com-
puted for time lags of 1–30 days. Also the extreme value of
each parameter (2nd or 98th percentile) was calculated for
subsets of the data comprising samples collected at 1–14 day
intervals.
ANC was used as the measure of acidiﬁcation. ANC is
a calculated parameter deﬁned as the equivalent difference
between sum of base cations (Ca+Mg+Na+K) minus sum
of strong acid anions (SO4+Cl+NO3) (Reuss and Johnson
1986). Changes in ANC can thus be readily assigned to
changes in concentrations of speciﬁc ions (Wigington et al.,
1996). The concentrations of the various ions, especially the
strong acid anions, are closely related to key sources and bio-
geochemical processes operating in soil and surface waters.
Relationships between ANC and discharge were based on
daily mean discharge measurement for the day of the chem-
ical sample (generally once a week). Results were grouped
into 5-year periods beginning with 1975. Because no sam-
ples were collected in 1979 and 1984, the periods 1975–1979
and 1980–1984 had data for only 4 years.
Acid episode was deﬁned as a short-term decrease in ANC
(Wigington et al., 1996). This deﬁnition requires speciﬁ-
cation of an ANC threshold below which the episode oc-
curs. A threshold of ANC<−50µeql−1 was used as the
criterion for an episode at Birkenes. This level was cho-
sen such that the majority of the samples were above the
threshold; it has no inherent biological signiﬁcance. The
operational deﬁnition of Wigington et al. (1996) was used
to identify episodes relative to this threshold. Namely, the
start of an episode was taken as the date at which the ANC
fell below −50µeql−1, the duration as the number of weeks
during which the ANC remained below −50µeql−1, and
the end of the episode as the date at which the last sample
had ANC below −50µeql−1. The severity of the episodes
was classed relative to two further thresholds, ANC<−75
and <−100µeql−1. The difference in ANC between the
sample before the episode and the minimum reached dur-
ing the episode is termed “delta ANC”. Episodes with delta
ANC<−5µeql−1 were excluded.
Assignment of the major ion driver causing each episode
was based on the difference in concentration of major ions in
the sample with minimum ANC measured during the episode
minus the concentration in the sample collected immediately
prior to the onset of the episode. By deﬁnition a decrease
in ANC must be due to decrease in one or more base cation
or increase in one or more strong acid anion, or a combina-
tion of both. The individual ion contribution to each episode
was calculated as a percentage. Each episode was assigned
to one of four main drivers: direct inﬂuence of precipitation
(termed here “hydrology” and indicated by decrease in base
cation concentrations, due mostly to a dilution of Ca), sum-
mer drought (SO4 peak), snowmelt (SO4+ NO3 peaks), and
seasalt deposition (Cl peak). Much of the analysis followed
the procedures used by Evans et al. (2008).
3 Results
Autocorrelation with time lag of 1–30 days for the water
samples collected daily in 1972–1974 showed that for the
parameters pH, H+, SO4, NO3, and Ca the concentrations
were signiﬁcantly correlated (95% conﬁdence bounds) at
time steps less than about 18 days. Discharge, on the other
hand, was signiﬁcantly autocorrelated only at time lags less
than 5 days. For a 7-day time lag the correlation coefﬁcients
ranged from 0.54 for H+ to 0.67 for SO4 and Ca, whereas
only 0.13 for discharge. Also the 98th percentile concen-
tration varied by less than 5% for sampling intervals of 14
days or less. These results indicate that weekly sampling
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Figure 1. ANC, concentrations of SO4, NO3, and Cl and discharge of streamwater at 
Birkenes, Norway, over the period 1972-2004. Data for the years 1979 and 1984 are lacking; 
measurements for several of the major ions are lacking for samples collected prior to 1975.    
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Fig. 1. ANC, concentrations of SO4, NO3, and Cl and discharge of streamwater at Birkenes, Norway, over the period 1972–2004. Data for
the years 1979 and 1984 are lacking; measurements for several of the major ions are lacking for samples collected prior to 1975.
is sufﬁcient to capture episodes at Birkenes, and in particu-
lar the severe episodes of several weeks duration with large
delta ANC. Weekly sampling, of course, is insufﬁcient to de-
tect the absolute minimum ANC (or pH) during an episode.
The time series of ANC in runoff at Birkenes shows
marked and at times frequent episodes of low ANC concur-
rent with peaks in the major four drivers (Fig. 1). The record
also shows clear improvement in water quality from about
1990, with decreasing concentrations of SO4 and increasing
ANC (Fig. 2). The minimum ANC recorded during episodes
has gradually increased in parallel with the general increase
in mean ANC (Fig. 3). October 1993 was the last time
ANC decreased to below −100µeql−1, and November 2000
was the last time ANC decreased to below −75µeql−1.
Over the period 1975–2004 a total of 106 episodes with
ANC<−50µeql−1 were identiﬁed, of which 54 reached
ANC<−75µeql−1 and 14 reached ANC<−100µeql−1.
High ﬂow episodes. ANC typically drops during high
discharge events. These episodes are characterised by di-
lution of base cations, mainly Ca. Ca comes principally
from weathering of soil minerals and secondarily from atmo-
spheric deposition; the volume-weighted mean concentration
ofCainrunoff1975–2003was45µeql−1, whereasbulkpre-
cipitation had only 8µeql−1. The hypothesised mechanism
is that soil solution in the upper mostly organic soil layers has
lower concentrations of base cations because of lower rates
of chemical weathering relative to soil solution in the lower
mineralsoil. Athighﬂowalargerproportionofrunoffcomes
from the base-cation poor upper soil, and in addition is di-
luted by Ca-poor precipitation (Christophersen et al., 1982).
Regressions of ANC on discharge for samples collected
during 5-year time blocks yield signiﬁcant relationships
(p<0.001), with lower ANC at high ﬂow (Table 1). The
regression lines for successive 5-year blocks are roughly
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Figure 2. Volume-weighted annual average ANC (µeq l
-1) in runoff at Birkenes 1974-2004.  
 
Birkenes 1974-04
1992-2004
y = 1.02x - 31
R2 = 0.74
-350
-300
-250
-200
-150
-100
-50
0
-80 -70 -60 -50 -40 -30 -20 -10 0
year mean ANC µeq l
-1
m
i
n
i
m
u
m
 
A
N
C
 
µ
e
q
 
l
-
1
  448 
449 
450 
451 
452 
 
Figure 3.  Relationship between mean volume-weighted yearly ANC and minimum ANC 
(µeq l
-1) in runoff at Birkenes 1974-2004. The regression is based on the years 1992-2004.  
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Fig. 2. Volume-weighted annual average ANC (µeql−1) in runoff
at Birkenes 1974–2004.
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Figure 2. Volume-weighted annual average ANC (µeq l
-1) in runoff at Birkenes 1974-2004.  
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Figure 3.  Relationship between mean volume-weighted yearly ANC and minimum ANC 
(µeq l
-1) in runoff at Birkenes 1974-2004. The regression is based on the years 1992-2004.  
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Fig. 3. Relationship between mean volume-weighted yearly ANC
and minimum ANC (µeql−1) in runoff at Birkenes 1974–2004.
The regression is based on the years 1992–2004.
parallel but at slightly higher ANC (Fig. 4). ANC at high
ﬂow (98th-percentile) is higher in the period 2000–2004 rel-
ative to earlier periods (Fig. 5). The trend over time in ANC
at high ﬂow reﬂects the general recovery trend for annual
volume-weighted mean ANC in runoff at Birkenes.
Grouping of the samples into those at low ﬂow (Q below
25th percentile) and those at high ﬂow (Q above 75th per-
centile) indicates that the lower ANC at high ﬂow is mainly
due to dilution; about half of the decrease can be accounted
for by lower concentrations of Ca at high ﬂow (Table 2,
Fig. 6). This has apparently not changed signiﬁcantly over
time, although the role of SO4 is diminished in the later pe-
riod because of lower concentrations of SO4 in deposition
and runoff.
Summer drought episodes. The ﬁrst runoff following sum-
mer drought consistently has an elevated concentration of
SO4 and a markedly lower ANC. The mechanism is prob-
ably the reduction of SO4 and storage as reduced S in anoxic
parts of the soil during dry periods with the subsequent re-
oxidation and ﬂushing out of SO4 with the ﬁrst runoff (Dillon
et al., 1997). Acid cations (H+ and Aln+) comprise a frac-
tion of the accompanying cations and thus ANC decreases.
At Birkenes the onset of autumn rain has been late August or
September in most years.
Table 1. Linear regression of ANC (µeq l−1) on log discharge
(mm/day) for samples collected during 5-year time blocks at
Birkenes. n = number of samples. All regressions are signiﬁcant
at p<0.001 level.
period n slope intercept r2
1975–1979 215 –21.4 –23.2 0.32
1980–1984 190 –35.9 –37.4 0.37
1985–1989 238 –28.1 –40.2 0.23
1990–1994 245 –23.2 –42.9 0.32
1995–1999 257 –19.3 –24.2 0.25
2000–2003 210 –29.1 –7.5 0.45
 
ANC (µeq l
-1) vs. logQ (mm day
-1)
-300
-250
-200
-150
-100
-50
0
50
100
-3 -2 -1 0 1 2 3 1980-84
1990-94
2000-04
  453 
454 
455 
456 
457 
 
Figure 4. Scatter plot of ANC (µeq l
-1) on log discharge (mm day
-1) for samples from three 5-
year periods at Birkenes (1980-84, 1990-94 and 2000-2004).  
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Figure 5.  ANC at various levels of discharge (percentiles of distribution of Q) for samples 
collected during 5-year intervals at Birkenes. Shown are values obtained from linear 
regressions of ANC on log Q. Bold line indicates ANC expected at high flow (98
th 
percentile). 
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Fig. 4. Scatter plot of ANC (µeql−1) on log discharge (mm day−1)
for samples from three 5-year periods at Birkenes (1980–1984,
1990–1994 and 2000–2004).
The discharge record for Birkenes shows three general pe-
riods of pronounced summer drought: 1974–1977, 1981–
1984, and 1989–1997 (Fig. 6). There have been no ma-
jor droughts during the last 7 years of the record (1998–
2004). The Palmer drought index for the nearby meteorolog-
ical station also shows these three general periods of summer
drought. TheincreaseinSO4 concentrationinﬁrstrunofffol-
lowing the drought is a function of the severity of the drought
(as indicated by the number of days with low ﬂow). A lin-
ear least-squares regression model explains about 25% of the
variance. The decrease in ANC is correlated to the increase
in SO4 (Fig. 7).
The mean annual SO4 concentration has decreased dra-
matically since about 1990. Whereas the severe droughts in
the 1970s led to increase in SO4 concentration in ﬁrst runoff
of 100–150µeql−1, droughts of similar magnitude in the
1990s led to increase of only 40–60µeql−1. It is expected
that with the continued decline in mean annual SO4 concen-
tration a severe drought in recent years would cause even less
ofapeakinSO4, buttherehavebeennomajordroughtssince
1997 and thus this could not be tested.
Snowmelt episodes. In many streams spring snowmelt is
often the time of lowest ANC. The ﬁrst meltwater contains a
greatlydisproportionatefractionofthedissolvedconstituents
stored in the snowpack (Johannessen and Henriksen, 1978).
At sites receiving acid deposition, the ﬁrst meltwater thus
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Table 2. Arithmetic mean concentrations of ions (µeq l−1) contributing to ANC in runoff samples at low ﬂow (<25th percentile) and high
ﬂow (>75th percentile) collected at Birkenes. The data are split into two periods: 1975–1989 and 1990–2003.
SO4 Cl NO3 Ca Mg Na K ANC
Mean chemistry (all data)
1975–1989 130.9 117.7 8.4 68.8 36.4 116.5 6.7 –28.7
1990–2003 88.8 136.4 8.5 50.3 27.0 128.9 3.9 –23.5
Mean low ﬂow chemistry
1975–1989 120.6 122.4 5.7 82.9 36.1 120.8 6.9 –2.0
1990–2003 78.1 140.0 3.7 63.6 27.6 132.1 4.4 5.8
Mean high ﬂow chemistry
1975–1989 139.0 112.7 9.9 56.3 35.9 112.3 8.5 –48.6
1990–2003 89.7 130.7 11.4 38.7 25.6 123.6 4.0 –39.9
Mean high ﬂow minus low ﬂow chemistry
1SO4 1Cl 1NO3 1Ca 1Mg 1Na 1K 1ANC
1975–1989 18.4 –9.7 4.2 –26.6 –0.2 –8.5 1.5 –46.7
1990–2003 11.6 –9.3 7.7 –24.8 –2.0 –8.5 –0.4 –45.7
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Fig. 5. ANC at various levels of discharge (percentiles of distribu-
tion of Q) for samples collected during 5-year intervals at Birkenes.
Shown are values obtained from linear regressions of ANC on log
Q. Bold line indicates ANC expected at high ﬂow (98th percentile).
contains high concentrations of SO4 and to a lesser extent
NO3. The subsequent phases of snowmelt cause dilution of
runoff, especially of base cations derived from the soil such
as Ca. Chemical changes during spring snowmelt have been
extensively studied in northern Sweden (Laudon and Bishop,
1999).
Because Birkenes lies near the south coast and experiences
mild winters (for Norway). Mid-winter melting is usual, and
thus development of a long-lasting snowpack rarely occurs.
Over the 30-year period major spring snowmelt episodes
occurred only 4 years. Mid-winter melting episodes were
more common, but with much less pronounced in chemical
changes in runoff. The most pronounced spring snowmelt
occurred in 1985 with peak in SO4 and NO3 concentrations
in the ﬁrst runoff followed by strong dilution as indicated by
decrease in Ca concentration.
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Figure 6.  Contribution of individual ions to decrease in ANC between low flow and high 
flow (25
th and 75
th percentile, respectively) in runoff samples collected in 1975-89 and 1990-
2004 at Birkenes.  
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Fig. 6. Contribution of individual ions to decrease in ANC between
low ﬂow and high ﬂow (25th and 75th percentile, respectively) in
runoff samples collected in 1975–1989 and 1990–2004 at Birkenes.
Seasalt episodes. Storms with high wind and often pre-
cipitation cause episodes of high deposition of seasalts to
near coastal areas. Subsequent runoff has marked increases
in concentrations of Cl and drop in ANC. The response is due
to the differential mobility of Cl and Na, the major accompa-
nying base cation. While Cl is quite mobile, Na participates
in cation exchange reactions in the soil. A fraction of the Na
(and also Mg) is exchanged for acid cations H+ and Aln+ on
the soil ion-exchange sites.
Due to its proximity to the coast, Birkenes is strongly in-
ﬂuenced by seasalt deposition. Volume-weighted mean con-
centration of Cl in runoff over the period 1974–2004 was
130µeql−1. Seasalt deposition is larger during the winter,
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Figure 7.  Birkenes summer droughts. Upper panel: number of days with low flow each year. 
Dark colour: 0 mm/day; light colour: < 0.05 mm/day.  Mean daily discharge is about 3.3 
mm/day. Lower panel: Minimum ANC reached in the first runoff following drought, grouped 
by change in SO4 concentration (delta = after – before). The size and shape of the symbols 
denote the magnitude of SO4 increase.   
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Fig. 7. Birkenes summer droughts. Upper panel: number of days with low ﬂow each year. Dark colour: 0mm/day; light colour:
<0.05mm/day. Mean daily discharge is about 3.3mm/day. Lower panel: Minimum ANC reached in the ﬁrst runoff following drought,
grouped by change in SO4 concentration (delta = after − before). The size and shape of the symbols denote the magnitude of SO4 increase.
due to higher frequency of storms. Seasalt deposition caused
34 of the 93 episodes in which ANC fell below the threshold
of −50µeql−1 during the period 1980–2004. Particularly
large seasalt episodes occurred in October 1990, November
1990, January 1993 and November 2000. January 1993 had
the highest deposition of seasalt of any month over the en-
tire record from 1975–2004. At each of these four large
seasalt episodes Cl concentrations in runoff increased by
>80µeql−1.
During seasalt episodes the decrease in ANC is a function
of the increase in Cl (Fig. 9). Since the general ANC level
has increased due to recovery since 1990, a seasalt episode
of a given magnitude does not cause ANC to decrease to as
low value as early in the record; relative to the ANC thresh-
old of −50µeql−1 seasalt episodes have become less severe
(Fig. 9).
Summary of episode frequency, severity and cause. With
the threshold of ANC<−50µeql−1 there were 106 episodes
during the period 1975–2004. The mean number of episodes
per year was highest in the early 1980s (>6 per year) and
since the mid-1990s has declined dramatically to <1 per year
(Fig. 10). Also the severity and duration of the episodes has
declined. The role of SO4 in driving ANC depressions has
diminished substantially since 1980 (Fig. 11).
4 Discussion
ThedatafromBirkenesshowthatduringperiodsofhighﬂow
streamwater is more acidic with lower ANC and higher con-
centrations of Aln+. The common explanation is that dur-
ing periods of high ﬂow a larger portion of runoff comes
from the upper soil horizons, which have lower stores of base
cations and thus lower ANC. In addition high amounts of
base cation-poor precipitation cause dilution of base cations
in soil water, and the resulting runoff has lower ANC rel-
ative to baseﬂow. At Birkenes this was ﬁrst modelled in
the form of two soil boxes (Christophersen et al., 1982) and
later interpreted as mixing of two end-members (precipita-
tion and soil water) with differing water chemistry (Christo-
phersen et al., 1990). A similar conclusion was reached
by (Laudon and Bishop 1999) for streams in northern Swe-
den. A review of acid episodes in Europe conducted by
(Davies et al., 1992) concluded that changing ﬂowpaths dur-
ing hydrological-driven events are of overwhelming impor-
tance in determining the chemical character of runoff during
episodes.
Acid pulses caused by peaks in SO4 concentrations in
the ﬁrst runoff following summer drought were identiﬁed at
Birkenes already in the 1970s, and readily simulated by a
simple 2-box model (Christophersen and Wright, 1981). The
mechanism was thought to be desorption of SO4 in the up-
per soil horizons. Investigations of SO4 pulses after summer
droughtineasternOntario, Canada, however, showedthatthe
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Fig. 8. Summer drought episodes at Birkenes (one per year, but not
all years experienced drought). Left panel: Magnitude of the in-
crease in SO4 concentration in ﬁrst runoff following drought (delta
SO4 pulse) in relation to the severity of the drought (indicated by
number of days with ﬂow <0.05mm/day). Right panel: Magnitude
of the decrease in ANC in relation to the increase in SO4 (year 1976
is excluded from the regression).
phenomenon is likely caused by reduction of SO4 in anoxic
zones of wet soils and peatlands during drought followed by
oxidation and ﬂushing of previously-reduced sulphur com-
pounds in the ﬁrst runoff (Dillon et al., 1997). Measure-
ments of the stable isotope ratios of δ34S and δ18O in SO4
conﬁrm that the SO4 released is from previously reduced S
(Schiff et al., 2005). Further, at Plastic Lake in Ontario the
wetland pool of reduced S has apparently not been depleted
by droughts and is sufﬁcient to cause drought-related SO4
events in the future (Eimers et al., 2006). This is apparently
not the case at Birkenes, as the magnitude of the SO4 pulse
following drought has diminished in recent years. The stored
pool of reduced S is presumably smaller at Birkenes because
most of the catchment is comprised of well-drained forest
soils. Drought-inducedSO4 episodeshavealsobeenreported
from northern Sweden (Laudon and Bishop, 2002).
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Fig. 9. Seasalt episodes at Birkenes 1980–2004 showing minimum
ANC reached during the episodes, grouped by change in Cl concen-
tration (delta = after − before). The size and shape of the symbols
denote the magnitude of Cl increase.
Snowmelt commonly causes acid episodes in streams and
lakes and spring snowmelt is usually the time of the year dur-
ing which minimum pH levels are observed. Low pH and
ANC are the result of ﬁrst the preferential loss of pollutants
from the snowpack in the ﬁrst phases of melt (Johannessen
and Henriksen, 1978; Johannessen et al., 1980) and then di-
lution by the ion-poor meltwater (Johannessen et al., 1980;
Laudon and Bishop, 1999; Laudon et al., 2000). Predict-
ing the severity of snowmelt episodes is difﬁcult, although
factors such as the amount of acid pollutants stored in the
snowpack, rapidity of the melting process and enhancement
by rain on snow clear exacerbate the acid depression (Johan-
nessen et al., 1980; Laudon et al., 2000). Due to its proximity
to the coast and low elevation, winters at Birkenes are rela-
tively mild, with frequent mid-winter melting. Only during
unusually cold winters does a deep and persistent snowpack
accumulate. Over the 30-year period 1974–2004 a snow-
pack with major snowmelt in April occurred only in the mid-
1980s. Midwinter melting, however, caused ANC depres-
sion to <−50µeql−1 1–2 times a year during the 1980s and
1990s, but since 2000 only 1 such episode has occurred.
Seasalt deposition is a major driver of episodic ANC de-
pression at Birkenes. Approximately one-third of all the
ANC<−50µeql−1 episodes during the period 1980–2004
were driven primarily by seasalts (Fig. 10). A dramatic
seasalt episode in January 1993 caused ﬁsh kill in several
rivers in southernmost Norway (Hindar et al., 1994). Seasalt-
driven acid episodes have been reported from coastal areas of
eastern North America (Heath et al., 1992), Scotland (Lan-
gan, 1989) and Wales (Neal et al., 1988), and the cation-
exchange mechanism has been experimentally demonstrated
at the catchment scale (Wright et al., 1988).
In response to decreasing levels of sulphur and to a
lesser extent nitrogen deposition since the mid-1980s, the
general level of acidiﬁcation at Birkenes has decreased.
Volume-weighted annual average ANC levels have increased
from <−70µeql−1 to >−30µeql−1, and the severity and
duration of episodes has decreased in parallel (Fig. 3).
Whereas in the early 1980s the majority of samples had
ANC<−50µeql−1, since 2000 most of the samples have
www.hydrol-earth-syst-sci.net/12/353/2008/ Hydrol. Earth Syst. Sci., 12, 353–362, 2008360 R. F. Wright: Acid episodes at Birkenes, Norway
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Fig. 10. Summary of episodes with threshold ANC<−50µeql−1
at Birkenes 1975–2004 by 5-year period. Upper panel: mean fre-
quency of episodes; middle panel: mean duration of episode; lower
panel: mean number of weeks per year below threshold.
ANC>−25µeql−1 (Fig. 1). SO4 is diminishing in impor-
tance as a driver of acid episodes at Birkenes, in a similar
fashion as found in northern Sweden (Laudon and Bishop,
2002). The drivers high ﬂow and seasalts, however, have
not diminished in intensity, and thus caused acid episodes
throughout the record, also in recent years.
Several of the causes of acid episodes at Birkenes are
clearly related to climate and independent of deposition of
S and N compounds. Future changes in climate can affect
the frequency and severity of episodes. The declining rate of
SO4 deposition presumably means that the pool of reduced
S in the soil has decreased during recent years and thus now
there is a smaller pool available for oxidation during drought.
But there has not been a major drought at Birkenes since
1997. Reduced S might be accumulating in the catchment
and a severe acid episode might occur after the next major
drought.
Seasalt deposition and seasalt-induced acid episodes are
also clearly related to climate. Skartveit (1982) showed that
the production rate of seaspray aerosols doubles with each
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Fig. 11. Main driver of episodes at Birkenes 1975–2004 by 5-year
period.
2ms−1 increase in surface wind. Future climate change may
entail increased frequency and severity of storms with both
high wind and high amounts of precipitation.
The statistical relationship between ﬂow (Q) and mini-
mum ANC can be used to predict ANC depression given
mean ANC and Q (Fig. 5). If future climate entails increased
frequency of storms with high precipitation, then high ﬂow
acid episodes can be expected to become more frequent.
The role of NO3. A major source of major uncertainty
seems to be NO3. During the 30-year record at Birkenes
its role has apparently not changed. N deposition has not
changed much, mean NO3 concentrations show no clear time
trend (Fig. 1), and the catchment retains >90% of the incom-
ing N. Over the 30-years there have been several NO3 peaks
aslargeas100µeql−1, certainlymorethansufﬁcienttodrive
ANC depression well below the threshold of −50µeql−1.
The NO3 peaks were associated with snowmelt or heavy
rain events in the autumn. Even if the catchment recovers
suchthatrunoffachievesmeanANC>0µeql−1, NO3-driven
episodes could potentially cause ANC depressions below the
threshold for biological damage. Furthermore, if future cli-
mate change entails a warmer climate, potentially stored N
in the catchment soils could be released due to increased
mineralisation of soil organic matter, as was found in the
CLIMEX experiment conducted at Risdalsheia, about 10km
from Birkenes (van Breemen et al., 1998; Wright, 1998).
Biological relevance. This analysis of episodes at
Birkenes used the threshold of ANC−50µeql−1. This value
was chosen simply to illustrate the effect of recovery on the
frequency and causes of episodes in the 30-year record. To
have biological relevance the threshold must be much higher.
A sustainable population of brown trout in the Birkenes
stream probably requires yearly ANC>0µeql−1. A survey
of brown trout population status and ANC in about 1000
Norwegian lakes showed that at ANC 0 the probability of
a sparse or good population was about 50% (Lien et al.,
1996). The relationship between minimum ANC and mean
ANC (Fig. 3) indicates that the threshold for biologically-
damaging episodes at Birkenes probably should be above
−30µeql−1.
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5 Conclusions
The frequency, severity and duration of acid episodes in
streamwater at Birkenes have diminished since about 1990
due to chemical recovery following reduced deposition of
sulphur. Acid episodes at Birkenes are associated with
one or more conditions such as high ﬂow, ﬁrst runoff after
drought, storms with high atmospheric inputs of seasalts, and
snowmelt. Several of the causes of acid episodes at Birkenes
are clearly related to climate and independent of deposition
of S and N compounds.
SO4 is diminishing in importance as a driver of acid
episodes; the magnitude of the SO4 pulse following drought
has declined in recent years. Acid episodes caused by
snowmelt are infrequent at Birkenes because of its mild
winters due to proximity to the coast and low elevation.
Seasalt deposition is a major driver of episodic ANC de-
pression at Birkenes. Approximately one-third of all the
ANC<−50µeql−1 episodes during the period 1980–2004
were driven primarily by seasalts. The drivers high ﬂow and
seasalts have not diminished in intensity, and thus caused
acid episodes throughout the record, also in recent years.
Future changes in climate can affect the frequency and
severity of episodes. Future climate change may entail in-
creased frequency and severity of storms with both high wind
and high amounts of precipitation.
A major source of major uncertainty seems to be NO3. At
Birkenes the NO3 peaks were associated with snowmelt or
heavy rain events in the autumn. Even if the catchment re-
covers, NO3-driven episodes could potentially cause ANC
depressions below the threshold for biological damage. Fur-
thermore, if future climate change entails a warmer climate,
potentially stored N in the catchment soils could be released
due to increased mineralisation of soil organic matter.
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